In patients with chronic obstructive pulmonary disease (COPD), moderate or severe pulmonary hypertension (COPD-PH) is associated with increased rates of morbidity and mortality. Despite this, approaches to treatment and the efficacy of phosphodiesterase type 5 inhibition (PDE-5i) in COPD-PH are unresolved. We present the clinical rationale and study design to assess the effect of oral tadalafil on exercise capacity, cardiopulmonary hemodynamics, and clinical outcome measures in COPD-PH patients. Male and female patients 40-85 years old with GOLD stage 2 COPD or higher and pulmonary hypertension diagnosed on the basis of invasive cardiac hemodynamic assessment (mean pulmonary artery pressure [mPAP] >30 mmHg, pulmonary vascular resistance [PVR] >2.5 Wood units, and pulmonary capillary wedge pressure ≤18 mmHg at rest) will be randomized at a 1 ∶ 1 ratio to receive placebo or oral PDE-5i with tadalafil (40 mg daily for 12 months). The primary end point is change from baseline in 6-minute walk distance at 12 months. The secondary end points are change from baseline in PVR and mPAP at 6 months and change from baseline in peak volume of oxygen consumption (V : o 2 ) during exercise at 12 months. Changes in systemic blood pressure and/or oxyhemoglobin saturation (SaO 2 ) at rest and during exercise will function as safety outcome measures. TADA-PHiLD (TADAlafil for Pulmonary Hypertension assocIated with chronic obstructive Lung Disease) is the first sufficiently powered randomized clinical trial testing the effect of PDE-5i on key clinical and drug safety outcome measures in patients with at least moderate PH due to COPD.
INTRODUCTION
Pulmonary hypertension (PH) is the clinical phenotype that results from adverse remodeling of distal pulmonary arterioles in the setting of genetic or acquired perturbations to cell-signaling pathways responsible for maintain-ing normal pulmonary vascular function. 1 The preponderance of clinical trials in this disease have investigated the effect of pulmonary circulation-specific pharmacotherapy on outcome in patients with World Health Organiza-tion (WHO) group 1 PH (pulmonary arterial hypertension [PAH] , formerly referred to as "primary pulmonary hypertension"); however, PAH is exceedingly rare in comparison to other clinically important forms of PH. 2 For example, chronic obstructive pulmonary disease (COPD), which afflicts˜46 million Americans and is responsible for a substantial economic burden on the US healthcare system, 3, 4 is an important promoter of PH. Indeed, moderate or severe PH is increasingly recognized as a pivotal risk factor that is associated with clinical worsening 5 and early mortality 6 in patients with COPD despite optimal standard of care therapy (i.e., supplemental oxygen). Taken together, these observations underscore the importance of identifying effective pharmacotherapies to improve cardiopulmonary hemodynamics and clinical outcome in patients with PH associated with COPD (COPD-PH).
RATIONALE PH due to chronic obstructive lung disease
The pathobiological mechanism(s) underpinning clinical expression of PH in WHO group 3 PH and, specifically, COPD-PH appear to be related to the effects of chronic alveolar hypoxia on the development of pulmonary endothelial dysfunction, pulmonary vasoconstriction, and pulmonary vascular remodeling (concentric medial hypertrophy and muscularization of distal pulmonary arterioles). The destruction of alveolar-capillary units, in turn, results in decreased pulmonary vascular bed cross-sectional area and attendant clinical consequences, including lung hyperinflation, dyspnea, and diminished functional capacity (reviewed in Chaouat et al. 7 ). Longitudinal increases in pulmonary vascular resistance and pressure promotes maladaptive changes to right ventricular (RV) geometry and function and, ultimately, right heart failure (cor pulmonale) that is associated with elevated rates of COPD-PH-associated morbidity and premature death. 8 Clinical trials have established that long-term oxygen therapy (LTOT) is an effective strategy by which to improve clinical outcome and decrease mortality in patients with hypoxemia and chronic obstructive lung disease. 9, 10 However, the absolute risk reduction for adverse clinical events or mortality attributable to LTOT in COPD is moderate and limited only to a subset of the overall population with COPD-PH. Moreover, a paucity of clinical data exist in support of LTOT as an effective therapy by which to attenuate pulmonary vascular complications of COPD, despite the important clinical implications of comorbid PH on quality of life and outcome in the COPD-PH patient population. To the contrary, evidence suggests that the pres-ence of PH in COPD is associated with poor survival and increased hospitalizations despite the initiation of LTOT. 11 Collectively, these observations illustrate the importance of assessing the efficacy of pulmonary circulation-specific pharmacotherapies to abrogate pulmonary vascular remodeling and PH in COPD-PH.
Hypoxia and nitric oxide (NO • )-cyclic guanosine monophosphate (cGMP) signaling in pulmonary blood vessels By inhibiting the degradation of cGMP, phosphodiesterase type 5 inhibitors (PDE-5i) increase bioactive levels of the potent pulmonary vasodilator and antimitogenic molecule NO • (Fig. 1 ). In experimental animal models of PAH and in humans with this disease, pulmonary vascular dysfunction is linked to increased PDE-5 and decreased NO • levels in pulmonary blood vessels and RV cardiomyocytes. 12 We and others have demonstrated previously that levels of the major NO • metabolite, nitrite (NO 2 − ), are decreased in lung tissue harvested from pulmonary hypertensive rats exposed to chronic hypoxia, which, in turn, is associated with pulmonary vascular remodeling and dysfunction. 13, 14 Numerous potential mechanisms exist by which to account for the observation that pulmonary vascular levels of bioavailable NO • are decreased in the setting of chronic hypoxia, including the adverse effects of increased pulmonary vascular oxidant stress on NO • sensing by soluble guanylyl cyclase (which is the chief biological source of cGMP), 15 consumption of NO • by elevated levels of pulmonary vascular reactive oxygen species, 16 or diminished endothelin receptor type B-dependent NO • synthesis, 13 among others. 17 Together, these observations provide biological plausibility to the assertion that restoring cGMP levels in pulmonary vascular tissue through PDE-5i may be an important and as yet underutilized treatment in COPD-PH.
The clinical effects of targeting NO • signaling in COPD-PH patients
The potential therapeutic value of targeting NO • signaling in patients with COPD has been suggested by previous studies. 11, 18, 19 In one prospective, randomized controlled trial, the effect of pulsed inhaled nitric oxide (iNO) therapy for 12 weeks on cardiopulmonary hemodynamics was compared with placebo in COPD patients with mild PH receiving chronic oxygen supplementation. In that study, iNO decreased mean pulmonary artery pressure (mPAP) and indexed pulmonary vascular resistance (PVR) significantly. 11 Moreover, several small clinical studies have reported on the therapeutic efficacy of PDE-5i in COPD-PH. 20, 21 Madden et al. 21 demonstrated that sildenafil (50 mg daily for 8 weeks) improved PVR (mean decrease of 3.2 Wood units) in 16 patients with WHO group 3 PH (due to lung disease). However, this and other 22, 23 published trials investigating PDE-5i in the treatment of COPD-PH were of short duration and lacked adequate statistical power to assess changes in clinically relevant functional outcomes. Hence, the acceptance of PDE-5i into routine clinical practice for COPD-PH has been limited by a lack of sufficiently powered randomized clinical trials. In addition, there are safety concerns in patients with COPD regarding the potential for pulmonary vasodilator therapies to exacerbate ventilation/perfusion (V : =Q : ) mismatch and augment hypoxemia. 19 Results from the planned TADA-PHiLD (TADAlafil for Pulmonary Hypertension assocIated with chronic obstructive Lung Disease) trial will address these previous limitations and provide a rigorous examination of the efficacy and safety limitations of PDE-5i in patients with COPD-PH.
STUDY DESIGN
The TADA-PHiLD study is a multicentered (Providence Veterans Affairs Medical Center, Veterans Affairs Boston Healthcare System, and Veterans Affairs Greater Los Angeles Healthcare System), prospective, randomized, placebocontrolled, double-blind clinical trial comparing oral tadalafil (40 mg daily) to placebo to assess changes in functional capacity, cardiopulmonary hemodynamics, and echocardiographically assessed RV function in patients with at least moderate PH due to COPD (NCT01862536 at http:// www.clinicaltrials.gov). The objective of the study is to define the therapeutic efficacy and safety profile of PDE-5i in COPD-PH. Moreover, the overall clinical profile of PH Figure 1 . Adverse effects of hypoxia on normal nitric oxide (NO • )-cyclic guanosine monophosphate (cGMP) signaling in pulmonary artery smooth muscle cells. Upregulation of various pathobiological signaling intermediaries in the pulmonary vasculature by hypoxia may result in increases in pulmonary vascular inflammation, endothelin 1 (ET-1), and oxidant stress levels, which, in turn, promote pulmonary vasoconstriction and adverse remodeling of pulmonary arterioles. This may occur, in part, through the consumption of NO • by oxidant stress and/or oxidation of soluble guanylyl cyclase (sGC) at the prosthetic heme ligand or functional protein cysteinyl thiols (i.e., Cys-122) that are necessary for normal NO • -sGC signaling. By inhibiting phosphodiesterase type 5 (PDE-5) in pulmonary blood vessels (and right ventricular cardiomyocytes), tadalafil attenuates degradation of cGMP, which functions as a key secondary messenger necessary to maintain normal pulmonary vascular tone and prevent vascular remodeling. eNOS: endothelial nitric oxide synthase; PSMC: pulmonary smooth muscle cell; iNOS: inductable nitric oxide synthase; GTP: guanosine triphosphate. Adapted with permission from Francis et al. 38 patients to be recruited in this study is akin to the clinical profile of patients encountered in actual practice: this study aims to investigate the effect of tadalafil for COPD-PH under "real-world" conditions in order to inform practitioners regarding the safety profile and potential relevance of this therapy to patients encountered clinically. Results from this trial are anticipated to aid in characterizing the appropriateness of PDE-5i therapy in this disease and may inform future larger randomized clinical trials that promote PDE-5i at alternative doses and/or as part of a combination therapy for COPD-PH. Table 1 and Figure 2 . These criteria will be used to identify patients with at least moderate COPD and moderate to severe PH. The rationale for selecting these criteria was based, in part, on reports in the literature and from retrospectively analyzed pilot data from our own clinical experience (unpublished) indicating that mild to moderately elevated pulmonary artery pressure is associated with recurrent hospitalization, decreased quality of life, and shortened life span in COPD. 5, 24, 25 Although COPD is the predominate phenotype anticipated for inclusion in this study, the possibility exists that patients with overlap syndromes involving pulmonary fibrosis and chronic emphysema syndrome (CPFE) or COPD and concomitant obstructive sleep apnea (OSA), referred to as COPD/OSA, may also be included (Table 1 ). In patients with CPFE and/or COPD/OSA, the contribution of PH to the clinical expression of these disease phenotypes is suggested by the presence of dyspnea, hypoxemia, and decreased diffusion capacity of the lungs for carbon monoxide that are "out of proportion" to the degree of airflow obstruction assessed by standard pulmonary function testing. 26, 27 Nevertheless, patients with OSA or CPFE as the central mechanism for PH will be identified on the basis of apnea/hypoxia index >15 and the presence of substantial lung fibrosis on thoracic computed tomography, respectively, and excluded from study enrollment.
Patient selection and randomization A complete list of inclusion and exclusion criteria is provided in
Only patients meeting the following criteria will be considered for trial enrollment: (i) GOLD stage 2 COPD or PH, a pulmonary capillary wedge pressure of 16-18 mmHg is associated with increased mortality compared with PH patients with pulmonary capillary wedge pressure (PCWP) <15 mmHg, and, thus, this clinical profile may represent a cohort of patients most likely to benefit from the study drug therapy. 28 To decrease the probability that patients are enrolled with non-WHO group 3 PH or pulmonary fibrosis as the likely central mediator of dyspnea, a comprehensive clinical review will be performed for each candidate that includes analysis of liver function tests; HIV status; renal function; review of chest imaging, including prior computed tomography (CT) of the thorax and ventilation/perfusion scan; sleep study; and echocardiography. Randomization will occur by computer-generated number assignment.
Tadalafil administration and dose selection
Tadalafil was selected for investigation owing to its pharmacokinetic profile (t 1/2 of 17.5 hours; mean oral clearance of 2.48 L/h) 29 that favors once-daily dosing and, thus, drug adherence. Tadalafil is not currently approved for the treatment of WHO group 3 PH; however, a Food and Drug Administration off-label exemption was provided for the use of tadalafil in the TADA-PHiLD trial. Following randomization, study participants will then receive a test dose of the study medication (20 mg of tadalafil or placebo) and observed for 4 hours to ensure that blood pressure and oxygen levels are not affected adversely by the medication. Study participants who develop systemic hypotension (defined as a decrease in systolic blood pressure to <90 mmHg or a fall in systolic blood pressure of >20 mmHg accompanied by symptoms such as dizziness or syncope), hypoxemia (defined as a decrease in oxyhemoglobin saturation [SaO 2 ] to <90% or a requirement for increased basal oxygen supplementation levels to >4 L/min), or other evidence of drug intolerance during the study drug test phase will not participate further in the study. Owing to the possibility that PDE-5i may influence adversely patients' V : =Q : profile, the tadalafil dose will be increased from 20 to 40 mg daily as clinically tolerated over the course of the study duration rather than according to a predetermined schedule per se.
Study visits and procedure schedule
The schedule for patient follow-up, including procedures to be performed during the study period, are outlined in Table 2 . These assessments are divided into the following categories related to tadalafil treatment: safety (i.e., patient contact, medical history, physical examination, med-ication adherence, clinical exacerbation history, adverse event monitoring), exercise response (6-minute walk distance [6MWD], cardiopulmonary exercise test), symptom and quality-of-life response (dyspnea and health-related quality-of-life surveys), and cardiopulmonary and biochemical response (echocardiography, right heart catheterization, plasma N-terminal brain natriuretic peptide concentration). The time interval for each benchmark assessment is based on prudence in the case of safety and predicted time to clinical response to tadalafil for the other measures, which was derived from prior clinical studies involving PDE-5i and PH patients. [30] [31] [32] Sample size determination and clinical end points The primary clinical end point is the effect of tadalafil on exercise capacity, as measured by change in 6MWD from baseline at 12 months. The secondary clinical end points are change from baseline in PVR and mPAP at 6 months and change from baseline in maximal volume of oxygen extraction (V : o 2 ) during exercise at 12 months. Change in peak V : o 2 from baseline was selected as an end point owing to recently reported findings identifying this as a clinically relevant measure that correlates positively with improved exercise tolerance and quality of life in patients with PH. 33 We selected a time point from randomization to repeat right heart catheterization of 6 months, which we believe is within the time required to demonstrate meaningful cardiopulmonary hemodynamic improvement following study drug therapy, in order to ensure that potential study attrition at longer enrollment intervals does not limit sufficient collection of PVR/mPAP data. These end points are intended to reflect the consequences of drug-induced changes to pulmonary vascular remodeling, cardiopulmonary hemodynamics, aerobic conditioning, and functional capacity and will allow comparisons to results of previous PH trials using this class of drug. 31, 32 The principal investigator of this study will serve as the sole keeper of all data relevant to the TADA-PHiLD study. We propose to analyze continuous measures compared between two independent groups; thus, power and sample size calculations are derived from a simple two-sample t test. A sample size of 60 subjects in each group (accounting for an estimated 20% dropout rate from a total enrollment of 150 patients) would result in a general effect size of 0.60 standard deviation [SD] units using an α = 0.05 and 90% power. Determination of predicted SD for change in 6MWD was calculated from Lewis et al., 31 who studied the effects of sildenafil on persons with WHO group 2 PH attributable to left ventricular systolic heart failure. On the basis of their report, we predict in our study the SD of change in 6MWD to be 51 m, which is comparable to or greater than clinically important differences reported previously for 6MWD in patients with COPD. 34, 35 Analyses involving change in 6MWD will be controlled to account for the potentially confounding effect of change in supplemental oxygen level on functional capacity.
A similar statistical strategy was utilized to calculate the number of patients needed to maintain sufficient power with respect to our secondary clinical end points. From Galiè et al., 36 who studied the effects of sildenafil in persons with idiopathic PAH, we obtained the SD of change in PVR (447.1 dyn·s·cm 5 ) and mPAP (8.6 mmHg) that was attributable to treatment at 12 weeks. On the basis of these values, we anticipate detecting a difference of −264 dyn·s·cm 5 and −5.2 mmHg for PVR and mPAP, respectively, which are within the range reported previously as clinically meaningful changes in response to PH treatment.
Other outcomes that will be assessed include differences between the two study groups in rates of (i) acute COPD exacerbations (defined as increased dyspnea, increased sputum volume, and increased sputum purulence for at least 3 days and requiring treatment with systemic corticosteroids or antibiotics and emergency department visit or hospitalization) and (ii) pulmonary and all-cause hospitalizations. Additional outcome measures include differences in the following echocardiographically validated indices of RV structure/function: right atrial, left atrial, and RV dimensions; pulmonary artery acceleration time; and presence (or absence) and shape of a systolic "notch" in the RV outflow-tract Doppler profile. 37 All cardiac catheterization and cardiopulmonary exercise test data will be interpreted at a central core laboratory. All echocardiography data will be interpreted by an expert echocardiographer with substantial experience in the analysis of PH/RV echocardiographic views.
Drug safety outcome measures
To assess the effect of tadalafil on ventilation/perfusion status, SaO 2 levels and change in supplemental oxygen requirements will be assessed at rest and on ambulation during each of the six scheduled 6MWD tests. In addition, to assess other measures of exercise capacity, cardiopulmonary exercise testing will be conducted at baseline and at month 12. Escape criteria (i.e., progressive clinical worsening) meriting temporary withholding of the study drug and/or withdrawal from TADA-PHiLD may be achieved by any of the following events: sustained decrease in SaO 2 levels to <90% that is not resolved by (increased) supplemental oxygen therapy, decreased systolic blood pressure to <90 mmHg detected by two consecutive ambulatory blood pressure measurements or a single measurement in the setting of symptomatic hypotension, the development of a major adverse drug reaction, or hospitalization requiring intensive care unit level of care. a Exacerbation history is defined as increased dyspnea, increased sputum volume, and increased sputum purulence for at least 3 days requiring treatment with systemic corticosteroids and/or antibiotics and/or emergency department visit or hospitalization.
Conclusions
PH is increasingly recognized as a key predictor of poor outcomes in patients with COPD, including hospitalization and premature death. However, standard-of-care therapy, including supplemental oxygen, appears to be insufficient to abrogate pulmonary vascular remodeling and PH in this patient population. The TADA-PHiLD trial is a multicenter, prospective, randomized, placebocontrolled, double-blind clinical trial that aims to characterize the efficacy and safety profile of PDE-5i in patients with chronic obstructive lung disease and moderate to severe PH.
